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Abstract

:

In the “2030 Agenda for Sustainable Development” proposed by the United Nations, there are several Sustainable Development Goals (SDGs) related to the sustainable development of urbanization. Therefore, this paper combines remote sensing products and statistics data; uses the entropy weight method to construct a comprehensive assessment framework for the sustainable development of urbanization in Hainan Island based on 11 SDGs; and conducts a spatial and temporal analysis of Hainan Island from 2011 to 2020. The assessment scores of the study area are distributed spatially in a pattern that scores high in the north and south and low in the middle and west. In terms of SDGs’ progress, each region faces its own challenges and needs to develop under its own status. For Wuzhishan City and Ding’an County, which scored low in the assessment, newly increased fixed assets, per capita public green areas and the rate of science and technology expenditures to local government expenditures are the main factors affecting the assessment scores.
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1. Introduction


Urbanization is a necessary path for a country’s development and plays an important role in promoting coordinated regional development and improving people’s livelihood. However, the challenges of resources, environment and urban construction brought about by the process of urbanization cannot be ignored. At the turn of the century, the Millenium Development Goals (MDGs) were put forward to promote a better urban future, whereas the MDGs seemed insufficient to intercept the new challenges taking place in the global situation [1]. To address these issues, in 2015, the United Nations approved “The 2030 Agenda for Sustainable Development” at the Sustainable Development Summit, proposing 17 Sustainable Development Goals (SDGs) and 169 targets, which aim to build an agenda that stresses cohesion and balance between economic, social and environmental ambitions [2]. Among them, Sustainable Development Goal 11 (SDG11)—“Make cities and human settlements inclusive, safe, resilient and sustainable”—proposed a series of targets and requirements for the development of future cities, covering basic public services and facilities, transportation, energy and so on [3]. The establishment of this goal shows that analyzing the sustainable development of urbanization has become a crucial issue.



The clear and meaningful measurement methods for urbanization in a particular area have yet to be unified [4]. According to the number of indicators used, there are two main types of measurement methods in the existing studies: the single indicator method and the composite indicator method. The single indicator method mainly uses the proportion of urban population to total population to measure the development of urbanization. Some studies have used this indicator to analyze the development of urbanization, including 31 regions in China and 124 countries or regions [5] and countries along the Belt and Road [6]. Some studies have also analyzed urbanization using other single indicators. Using population density as a measure of urbanization development, Qadeer [7] analyzed the population density of rural areas in the Third World and found that it was equal to or exceeded the threshold of population density in some cities. Some studies have also considered land use change as a reflection of the urbanization process and thus used the ratio of built-up land area to total land area as an evaluation indicator of urbanization. For example, Xu et al. [8] used built-up land expansion to reflect land urbanization and analyzed its effect on the carbon sequestration of urban vegetation; Qiu et al. [9] used an impervious area to evaluate the urbanization process and studied the effect of urbanization on the loss of cropland.



However, urbanization is a complex systemic process, and the use of a single indicator approach would ignore the influence of other aspects of the urbanization process, such as economic factors and social factors [10]. Therefore, some studies have used multiple indicators to comprehensively evaluate the urbanization situation. Wang et al. [11] selected four urbanization structural elements: economic urbanization, demographic urbanization, social urbanization and spatial urbanization. They used the Analytic Hierarchy Process (AHP) method to determine the weights of each index and to construct an index system for urbanization. Wang et al. [12] used the PESS model to comprehensively evaluate the urbanization development level of the Beijing–Tianjin–Hebei urban agglomeration from four dimensions: population growth, economic development, life improvement and spatial expansion. As can be seen, different studies have a different selection of indicators and methods when constructing composite indicators for urbanization evaluation, so it is difficult to evaluate and analyze the results of different studies in a uniform manner.



Compared with the traditional assessment of urbanization, the sustainable development of urbanization holds a more holistic view, taking more into account the sustainability and coordinated development of human society, resources and the environment, involving social, economic, environmental and humanistic aspects [13,14]. It emphasizes that the development of urbanization must meet the needs of present and future generations and the development needs of modern society [15]. The SDGs proposed in the “2030 Agenda for Sustainable Development” are a more comprehensive and specific blueprint for global sustainable development, based on the consolidation of the existing achievements of the MDGs, and are universal in nature [2]. Studies have been conducted to analyze the relationship between the SDGs and sustainable development from the perspective of specific meanings and practical applications. For example, Klopp et al. [16] described what the Urban Sustainable Development Goals (USDGs) in the 2030 SDGs entailed and analyzed the problems and prospects of using them as a tool for improving urban development; the Republic of Montenegro has incorporated some indicators of the SDGs in the National Sustainable Development Strategy [17]. This shows that the SDGs play a guiding role in achieving sustainable development, and there have been relevant studies based on this framework to select the corresponding development goals and indicators to analyze and assess the sustainable development of urbanization. For example, Xu et al. [3] constructed an index system of urban sustainability assessment based on SDG11 to assess the sustainability level in the Yangtze River Delta of China. Integrating earth observation (EO) and statistical data, Wang et al. [18] monitored “The ratio of land consumption rate to the population growth rate (LCRPGR)” in SDG11 and analyzed the spatial heterogeneity and dynamic trends of urban expansion and population growth in mainland cities in China from 1990–2010. Ghazaryan et al. [19], based on Landsat data, analyzed the expansion of urban areas in North Rhine–Westphalia, Germany from 1985–2017 and integrated it with population dynamics data to estimate the progress towards SDG11 in the study area.



Although SDG11 is the most relevant goal to the development of cities in SDGs, the analysis for sustainable development of urbanization should not focus only on it. Since the “2030 Agenda for Sustainable Development” is not just a collection of goals and targets but a system of interacting components, the achievement of one goal requires the collaboration of other SDGs [20]. In addition to SDG11, other SDGs also reflect the sustainable development relationship of economic, social and resource environment elements involved in the process of urbanization, such as sustainable urban water management, which contributes to SDG 11 and SDG 6 (Clean water and Sanitation) [21]. Similarly, energy-efficient buildings, which are essential for sustainable urban development, contribute directly to SDG7 (Affordable and Clean Energy) and SDG13 (Climate Action) [22]. Therefore, it is necessary to conduct a comprehensive assessment of the sustainability of urbanization in conjunction with other SDGs.



Based on the existing research results, it can be seen that most current studies focus on larger spatial scales, such as economically developed urban agglomerations [3,23,24], with fewer studies targeting sub-level areas. On the other hand, most current studies use different indicators and data for urbanization assessment and focus mainly on SDG11, with limited links to other SDGs. Hainan Province, as China’s Special Economic Zone and Pilot Free Trade Zone, has a good ecological environment, obvious location advantages and many conditions for sustainable development. It is also a key node of the 21st Century Maritime Silk Road and is at the forefront of China’s maritime interactions with Southeast Asia, South Asia, the Middle East and other countries. Therefore, the sustainable development of urbanization in this region is of great importance to China. Many current studies on urbanization in Hainan Island have been conducted based on multiple indicators [25,26,27], but few studies evaluate the sustainable development of urbanization in this region based on multiple SDGs. This paper takes Hainan Island in Hainan Province as the study area, using statistical data and remote sensing products to carry out: (1) a sustainable development assessment index system for Hainan Island using the entropy weight method that integrates SDGs indicators with localized indicators and (2) a spatial and temporal analysis of the sustainable development of urbanization in the study area from 2011 to 2020. Although SDGs were proposed in 2015, in order to better analyze the sustainable development of urbanization in Hainan Island over a longer period, this paper chose the period from 2011 to 2020 after considering the availability of data. This research period covers the years before and after the formulation of SDGs, thus this study can provide a data reference for the sustainable development of urbanization in Hainan Island during this period and can also provide a reference for the sustainable development of urbanization in other regions.




2. Study Area and Data


2.1. Study Area


The study area of this paper is Hainan Island (Figure 1), located in the south of China (18°09′–20°10′ N and 108°37′–111°03′ E), which is part of Hainan Province, China. Hainan Island includes 18 cities and counties, while Sansha City in Hainan Province is not included in this study area because of its small land area, small resident population and lack of data. According to the Hainan Statistical Yearbook [28], by the end of 2020, Hainan Province already had a resident population of 10,123,400, including 6,114,000 urban residents, with a per capita GDP reaching CNY 55,131. Figure 1 also shows the percentage of urban population among resident population in 2020, which was calculated based on the urban resident population and the total resident population in the Hainan Statistical Yearbook [28].




2.2. Data


In this paper, statistical data and remote sensing product data were integrated to provide a comprehensive evaluation of the sustainable development of urbanization in Hainan Island based on SDGs. The research objects of this paper are the cities and counties of Hainan Island (18 regions in total). Regarding the selection of indicators, this study selected the indicators of economic, social, infrastructure construction, resources and the environment concerning the existing studies [10,12]. After that, these indicators were corresponded to SDGs based on the specific contents of SDGs [29]. The indicators of economic, social, infrastructure construction, resources and the environment aligned with the UN SDGs of each city and county were used to evaluate the sustainable development of urbanization in the study area. The final selected indicators and their corresponding SDGs are shown in Table 1. The effect direction of indicators is divided into positive and negative, with a “+” indicating that the greater the indicator, the better the level of sustainability, and vice versa.



The remote sensing product data used to construct the assessment system included land use data, PM2.5 data and average temperature data. Among them, the land use data is the annual China’s Land-Use/Cover Datasets (CLCD) from 1990 to 2020 published by Yang et al. [30], which has a spatial resolution of 30m. PM2.5 data is the ChinaHighPM2.5 dataset published by Wei et al. [31,32], which is a big data-derived seamless (spatial coverage = 100%) daily, monthly and yearly 1 km ground-level PM2.5 dataset in China from 2000 to 2021. The mean temperature data were obtained from the High-spatial-resolution monthly temperatures dataset, published by Peng et al. [33,34,35,36,37], including monthly minimum, maximum and mean temperatures from 1901.1 to 2020.12, covering the main land area of China. The vector map data used in this study was obtained from the National Earth System Science Data Center, National Science & Technology Infrastructure of China [38].
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Table 1. Relevant data of Comprehensive Assessment Index System for Sustainable Development of Hainan Island Urbanization.






Table 1. Relevant data of Comprehensive Assessment Index System for Sustainable Development of Hainan Island Urbanization.





	
System Layer

	
Sub-System Layer

	
SDGs Indicators

	
Index Layer

	
Effect

Direction

	
Data Source






	
Assessment of Sustainable Urbanization Development

	
Economic urbanization

	
SDG1

	
Average wages of staff and workers

	
+

	
Statistical Yearbook [28]




	
SDG8

	
Per capita GDP

	
+

	
Statistical Yearbook [28]




	
SDG8

	
The ratio of secondary and tertiary industries to total GDP *

	
+

	
Statistical Yearbook [28]




	
SDG8

	
Total retail sales of consumer goods as a percentage of GDP *

	
+

	
Statistical Yearbook [28]




	
SDG8

	
Newly increased fixed assets

	
+

	
Statistical Yearbook [28]




	
SDG8

	
Total number of overnight tourists

	
+

	
Statistical Yearbook [28]




	
Social urbanization

	
SDG3

	
Number of hospital beds per 10,000 people *

	
+

	
Statistical Yearbook [28,39]




	
SDG3

	
Number of traffic deaths per 100,000 people *

	
−

	
Statistical Yearbook [28]




	
SDG4

	
Per capita expenditure of local government on education *

	
+

	
Statistical Yearbook [28]




	
SDG4

	
Number of students enrolled from elementary to high school per 10,000 population *

	
+

	
Statistical Yearbook [28]




	
SDG9

	
Rate of science and technology expenditures to local government expenditures *

	
+

	
Statistical Yearbook [28]




	
SDG10

	
Urban–rural income gap *

	
−

	
Statistical Yearbook [28]




	
SDG11

	
Rate of urban population to resident population *

	
+

	
Statistical Yearbook [28]




	
SDG11

	
Impervious area as a percentage of total land area

	
+

	
Remote sensing product data [30]




	
Urban infrastructure construction

	
SDG6

	
Coverage rate of urban population with access to tap water

	
+

	
Statistical Yearbook [28]




	
SDG6

	
Number of public lavatories per 10,000 people*

	
+

	
Statistical Yearbook [28]




	
SDG7

	
Coverage rate of urban population with access to gas

	
+

	
Statistical Yearbook [28]




	
SDG11

	
Per capita public green areas

	
+

	
Statistical Yearbook [28]




	
SDG11

	
Per capita area of paved roads

	
+

	
Statistical Yearbook [28]




	
Resources and environment

	
SDG11

	
Green covered area of built districts

	
+

	
Statistical Yearbook [28]




	
SDG11

	
PM2.5 concentration

	
−

	
Remote sensing product data [31,32]




	
SDG13

	
Intensity of heat island in summer

	
−

	
Remote sensing product data [33,34,35,36,37]




	
SDG15

	
Forest area as a percentage of total land area

	
+

	
Remote sensing product data [30]








Notes: SDG1: No poverty; SDG3: Good health and well-being; SDG4: Quality education; SDG6: Clean water and sanitation; SDG7: Affordable and clean energy; SDG8: Decent work and economic growth; SDG9: Industry, innovation and infrastructure; SDG10: Reduced inequalities; SDG11: Sustainable cities and communities; SDG13: Climate action; SDG15: Life on land. * means the indicator was obtained from the raw statistical data after calculation and processing.











The data used for the remaining indicators are statistical data of each city and county, sourced from the Hainan Statistical Yearbook [28] and the China Statistical Yearbook (County-Level) [39], with some missing data supplemented, according to the statistical communique on economic and social development in each city and county, or replaced by average values of the recent years.





3. Methods


3.1. Data Preprocessing


3.1.1. Remote Sensing Product Data Preprocessing


For remote sensing product data, this study used the land use dataset (CLCD) to calculate the two indicators in Table 1: Impervious area as a percentage of total land area and Forest area as a percentage of total land area. Although impervious surface area is not directly equivalent to urban built-up area and urban area, it is one of the indicators used to understand and assess urbanization [40]. The vector map data of each region was used as a mask to divide the raster data of Hainan Island to obtain the indicator values of each city and county.



The yearly PM2.5 data (ChinaHighPM2.5 dataset) was used to calculate the indicator in Table 1: PM2.5 concentration. The vector map data of each region was used as a mask to divide the PM2.5 data and to find the annual average of PM2.5 in each region.



Due to the large size of Hainan Island and the roughly flat terrain around the island with a high center, the temperature varies from season to season and from region to region. Considering the relatively high mean temperatures in June, July and August based on the dataset (High-spatial-resolution monthly temperatures dataset), this study used the mean temperatures data from June to August to calculate the index of intensity of heat island in summer in Table 1. For the division of heat island regions, this study refers to the results of existing studies and divides them according to the mean and standard deviation of regional temperatures, as shown in Table 2 [41], where T is the value of the mean temperature dataset; μ is the mean value of the study area; and std is the standard deviation. The heat island intensity was calculated as shown in Formula (1), and the calculation results of the three summer months (June, July and August) were arithmetically averaged to obtain the intensity of the heat island in summer for each region.
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Table 2. Classification criteria for heat island areas.






Table 2. Classification criteria for heat island areas.





	Categories
	Range





	Non-heat island region
	T ≤ μ + 0.5 std



	Heat island region
	T > μ + 0.5 std









  P =  T H  −  T V   



(1)







As in Formula (1), P is the intensity of the heat island in summer;    T H    is the average value of temperature in the heat island region; and    T v    is the average value of temperature in the non-heat island region.




3.1.2. Statistical Data Preprocessing


The indicators marked with * in Table 1 were obtained from the raw statistical data after calculation and processing. Among them, the urban–rural income gap is the ratio of per capita disposable income of urban households to per capita disposable income of rural households; the rate of urban population to resident population is the proportion of the population living in urban areas to the resident population in the corresponding year. Population-related indicators were all derived from the revised resident population data published in Hainan Statistical Yearbook 2021 [28], such as the number of hospital beds per 10,000 people, traffic accident fatality rate per 100,000 people, per capita financial expenditure on education, primary and secondary school students per 10,000 people and public lavatories per 10,000 people.





3.2. Entropy Weight Method


There are two main methods widely used in the comprehensive evaluation of composite indicators: the subjective weighting method and the objective weighting method [42,43]. The subjective weighting method depends on the subjective preference of the evaluator and the evaluation of each indicator and therefore tends to lack objectivity [44]. The objective weighting method, on the other hand, determines the weights based on the information provided by the value of each indicator, and the results can better meet the needs of studies [45,46]. Therefore, this study uses the entropy weight method to calculate the index weights in the comprehensive assessment index system for the sustainable development of Hainan Island urbanization and then derives the comprehensive score for the sustainable development level of urbanization in Hainan Island according to the obtained weights. The entropy weight method belongs to the objective weighting method, which determines the indicator weights according to the dispersion of values on the same indicator [47]. It can reduce the subjective analysis bias caused by the subjective weighting method to a certain extent. The main steps are as follows [44,48].



Because of the different units and dimensions among indicators, it is necessary to standardize the indicators first, and the processing methods are shown below, according to positive and negative indicators.


   y   θ ij       = x     θ ij       / x    max    



(2)






   y   θ ij       = x    min      / x     θ ij     



(3)







Positive indicators are normalized using Formula (2), and negative indicators are normalized using Formula (3).     x   θ ij      is the jth indicator for region i in year θ;      x  min     and    x  max     represent the minimum and maximum values of the jth indicator in all study regions and years, respectively.    y   θ ij        is the result obtained after normalization.



Calculate the proportion of the jth indicator for region i in year θ:


   z   θ ij       = y     θ ij    /   ∑  θ r    ∑  i n   y   θ ij     



(4)




where r is the length of the study period and n is the number of study regions.



Calculate the entropy value of the jth indicator:


   e j  = −  k ×    ∑  i n    ∑  θ r     ( z     θ ij    ×   lnz    θ ij     )   ,   k = 1 / ln ( rn )   



(5)







Calculate the weight of the jth indicator:


   w j     = d   j  /   ∑  j m   d j       ,   d   j   = 1  −  e j   



(6)




where m is the number of indicators.



Finally, the comprehensive assessment score of the sustainable urbanization development for region i in θ year can be obtained according to the entropy theory and the weighted sum method. The assessment formula is as follows.


   S i  =   ∑  j m   w j  ×  y   θ ij     



(7)








3.3. Local Spatial Autocorrelation


Spatial autocorrelation is a measure of the spatial correlation of variables based on the first law of geography: “All things are related, but nearby things are more related than distant things” [49]. In this study, local spatial autocorrelation is used to discuss the sustainable development of urbanization in the study area. The local spatial autocorrelation index is calculated as shown in Equations (8)–(10) [50].


   I i  =    Z i     S 2      ∑   j ≠ i  n   ω   i , j     Z j   



(8)






   Z i  =  y i  −  y ¯    ,    Z j  =  y j  −  y ¯   



(9)






   S 2  =  1 n    ∑   i = i  n    (  y i  −  y ¯  )  2   



(10)




where      I   i    is the local Moran’s I index of region i and n is the total number of studied regions.    ω   i , j      is a weight which is equal to 1 when region i is adjacent to region j and 0 otherwise.    Z i    and    Z j    are the degree of deviation from the mean value in regions i and j, respectively. When    I i    is a high positive value, it means that the location under study has similar high or low values with its neighboring locations, and thus these locations are spatial clusters, including high–high clusters (high values in high value neighborhoods) and low–low clusters (low values in low value neighborhoods); when    I i    is a high negative value, it means that the studied location has significant differences with its surrounding locations, thus forming spatial outliers, including high–low (high values in low value neighborhoods) and low–high (low values in high value neighborhoods) outliers [51].





4. Results


4.1. Sustainable Development of Hainan Island Urbanization


According to the formula of the entropy weight method, the assessment results of sustainable urbanization development of cities and counties in Hainan Island from 2011 to 2020 were obtained, as shown in Table 3.



The results are presented in a boxplot to show the median values of the urbanization sustainability assessment in the study area and the variation between regions (Figure 2).



In general, the sustainable development of urbanization in cities and counties in Hainan Island showed an upward trend, with the median value increasing from 0.151 in 2011 to 0.182 in 2020. In terms of the degree of variation in the study area, Haikou City and Sanya City always took the leading position in the evaluation, and their assessment results had a large gap with other cities and counties. This is because Haikou City is the capital city and the political, economic and cultural center of Hainan Province, China. Sanya City is a famous tourist city with tropical seaside scenery and a well-developed tourism industry. In 2020, Chengmai County’s urbanization sustainability assessment results also gaped with other cities and counties, becoming an outlier along with Haikou City and Sanya City. The length of the boxes in Figure 2 is the interquartile range of the assessment results, and its variation reflects the fluctuation of the assessment results of each city and county during the study period. In 2019, the interquartile range of the assessment results reached the largest, indicating a large difference in the assessment results of the cities and counties in that year.



Except for Haikou City and Sanya City, Wenchang City had higher urbanization sustainability assessment results than other regions in 2011 and 2015, due to its better performance in terms of resources and environment (Figure 3 and Figure 4). The urbanization sustainability assessment scores of Chengmai County and Sanya City in 2020 were significantly higher compared to 2015, which were both mainly due to the increase in sustainability scores in terms of social urbanization. As a result, Chengmai County overtook Wenchang City to rank third in Hainan Island in the 2020 urbanization sustainability assessment. Some regions had a decrease in their comprehensive assessment scores of urbanization sustainability compared 2020 to 2015, mainly due to lower scores in economic urbanization. In 2011 and 2015, Ledong County’s urbanization sustainability assessment scores were the lowest of the study area. In 2020, Ledong County’s scores in economic urbanization and urban infrastructure construction increased compared to previous years, resulting in Ledong County’s urbanization sustainability assessment score ranking higher within the study area in that year, while Baoting County’s urbanization sustainability assessment score decreased to the lowest value within the study area.



Figure 5 shows the spatial distribution of urbanization sustainability assessment results of cities and counties in Hainan Island for some years during the study period, and all the assessment results during the study period are divided into five levels in this paper. As shown in Figure 5, fewer regions broke through the low-value zone of the comprehensive urbanization sustainability assessment in 2011–2015, and they were mainly located in the south and north of Hainan Island. The assessment scores of Haikou City, Sanya City, Wenchang City and Chengmai County were relatively stable, while the assessment score of Qionghai City fluctuated. As the capital city of Hainan Province, Haikou City and its neighboring regions (Chengmai County and Wenchang City) scored well in the assessment, reflecting Haikou City’s promotion to the surrounding areas during this period. The assessment scores of Sanya City were relatively well in Hainan Island for this period, but the scores of other areas adjacent to Sanya City were in the low-value zone (≤0.212), which shows that, as a famous tourist city, the development of Sanya City does not bring sufficient promotion to the surrounding areas during this time.
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Figure 4. Sub-system layer score chart for cities and counties of Hainan Island in 2011, 2015 and 2020: (a) sub-system layer scores in 2011; (b) sub-system layer scores in 2015; (c) sub-system layer scores in 2020. 
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In 2015, the 17 Sustainable Development Goals (SDGs) proposed by the United Nations guided the future development direction of countries. China, as the world’s largest developing country, insists on development as its top priority. In 2016, China released “China’s National Plan on Implementation of the 2030 Agenda for Sustainable Development”, which sets out specific plans for implementing the 17 SDGs in the coming period. In recent years, Hainan has also been promoting the construction of the “Haikou-Chengmai-Wenchang-Ding’an” and “ Greater Sanya” economic circles, interpreting the concept of sustainable development with a series of measures. After 2015, the number of cities and counties breaking through the low-value zone of comprehensive urbanization sustainability assessment increased, and the eastern region continued to develop (Figure 5). In 2020, Haikou City and Sanya City were still at the top of the study area in terms of sustainable urbanization development, while the radiating effect of these two cities was reflected, and some of the surrounding areas have broken through the low-value zone of urbanization sustainability assessment. However, the urbanization sustainability assessment score of the central part of Hainan Island remained in the low-value range, mainly because some of these areas used to belong to poor areas, and therefore were lagging behind in economic development, such as Qiongzhong Li and Miao Autonomous County and Baoting Li and Miao Autonomous County, which were lifted out of poverty in April 2019, and Baisha Li Autonomous County in February 2020, with room for further development in the future.
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Figure 5. Spatial distribution of sustainable development of Hainan Island urbanization. 
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Local spatial autocorrelation analysis (Figure 6) was conducted on the results of urbanization sustainability assessment of the study area to analyze whether there were local spatial clusters. In 2011, the central and western regions of Hainan Island showed low–low clusters. Sanya City’s urbanization sustainability assessment result was significantly higher than those of the surrounding areas and therefore was judged to be a high–low outlier. Wenchang City’s urbanization sustainability assessment score showed a significant high–high cluster with the surrounding areas and played a positive role in the sustainable development of urbanization in the surrounding areas, while Ding’an County, which is adjacent to it, was identified as a low–high outlier area due to its low urbanization sustainability assessment result compared with the surrounding areas. In 2013–2015, there were still significant low–low clusters in the central part of Hainan Island, but the number has decreased compared to previous years. The significant relationship between the cities of Sanya and Wenchang and their surrounding areas changed, while the assessment of urbanization sustainability in Ding’an County remained significantly lower than the surrounding areas. In 2020, the spatial autocorrelation of urbanization sustainability assessment scores between Ding’an County and the surrounding areas became insignificant, and Baisha Li Autonomous County and Wuzhishan City were still judged to be statistically significant low–low outliers, and there were no significant clusters in other areas.




4.2. Monitoring the Performance of SDGs in Hainan Island


The SDGs were proposed by the United Nations in 2015. Therefore, we would like to discuss the performance of SDGs in Hainan Island between the starting year (2015) and the year when the latest data are available (2020). The ranking of the SDGs scores of cities and counties in Hainan Island for 2015 and 2020 is shown in Table 4. Haikou City and Sanya City, as the two cities with excellent performance in urbanization sustainability assessment scores, had failed to fully achieve some SDGs. For example, Haikou City ranked low on SDG4 (Quality education) and SDG15 (Life on land), which indicates that Haikou City still needs to pay more attention to environmental protection and investment in education in the process of sustainable development of urbanization. As a famous tourist city, Sanya City ranked high in the study area in several SDGs, among which SDG6 (Clean water and sanitation) and SDG8 (Decent work and economic growth) contained indicators closely related to tourism, and Sanya City had the highest scores in the study area in both 2015 and 2020, demonstrating its strength in tourism attractiveness, however, in SDG10 (Reduced inequalities), Sanya City ranked lower and remained unchanged in 2015 and 2020.



In terms of spatial distribution, the central cities and counties of Hainan Island (Wuzhishan City, Ding’an County, Tunchang County, Qiongzhong Li and Miao Autonomous County, Baoting Li and Miao Autonomous County, and Baisha Li Autonomous County), which contain several nature reserves, ranked high in SDG15 (Life on land), and there was no major change in rankings between 2015 and 2020. However, their SDG11 rankings were all low. The western regions of Hainan Island (Chengmai County, Lingao County, Danzhou City, Dongfang City, Ledong Li Autonomous County, and Changjiang Li Autonomous County) performed worse overall in SDG3 (Good health and well-being) and had larger internal ranking gaps in other SDGs, such as Danzhou City and Chengmai County ranking better than other cities and counties of the western regions in SDG8 (Decent work and economic growth). Ledong Li Autonomous County in SDG10 (Reduced inequalities) ranked first, but Changjiang Li Autonomous County’s ranking in 2020 was 17.
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Table 4. Ranking the assessment scores of Sustainable Development Goals in Hainan Island in 2015 and 2020.
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SDG1

	
SDG3

	
SDG4

	
SDG6

	
SDG7

	
SDG8




	
Area/Year

	
2015

	
2020

	
2015

	
2020

	
2015

	
2020

	
2015

	
2020

	
2015

	
2020

	
2015

	
2020




	
Haikou

	
10

	
5

	
3

	
3

	
16

	
18

	
9

	
3

	
1

	
6

	
2

	
2




	
Sanya

	
4

	
3

	
10

	
10

	
4

	
15

	
1

	
1

	
5

	
9

	
1

	
1




	
Wuzhishan

	
6

	
4

	
2

	
1

	
1

	
6

	
3

	
2

	
16

	
5

	
11

	
12




	
Wenchang

	
3

	
9

	
14

	
17

	
18

	
8

	
13

	
5

	
2

	
1

	
7

	
3




	
Qionghai

	
13

	
8

	
16

	
5

	
17

	
14

	
4

	
12

	
4

	
2

	
4

	
5




	
Wanning

	
14

	
17

	
13

	
2

	
13

	
16

	
5

	
16

	
6

	
8

	
5

	
8




	
Ding’an

	
17

	
18

	
7

	
8

	
11

	
17

	
14

	
17

	
14

	
17

	
9

	
17




	
Tunchang

	
12

	
16

	
8

	
6

	
15

	
9

	
8

	
6

	
18

	
12

	
14

	
15




	
Chengmai

	
1

	
1

	
17

	
9

	
7

	
5

	
18

	
13

	
8

	
4

	
6

	
6




	
Lingao

	
15

	
15

	
4

	
11

	
14

	
12

	
16

	
4

	
9

	
14

	
18

	
16




	
Danzhou

	
5

	
7

	
12

	
14

	
12

	
11

	
11

	
15

	
10

	
3

	
3

	
7




	
Dongfang

	
8

	
12

	
18

	
7

	
8

	
10

	
2

	
8

	
3

	
7

	
15

	
9




	
Ledong

	
9

	
6

	
11

	
16

	
9

	
13

	
17

	
18

	
12

	
13

	
17

	
10




	
Qiongzhong

	
16

	
10

	
5

	
13

	
5

	
1

	
10

	
14

	
13

	
18

	
13

	
14




	
Baoting

	
11

	
13

	
1

	
15

	
6

	
3

	
7

	
10

	
7

	
11

	
10

	
13




	
Lingshui

	
7

	
11

	
6

	
4

	
3

	
4

	
12

	
11

	
17

	
16

	
8

	
4




	
Baisha

	
18

	
14

	
9

	
12

	
10

	
2

	
15

	
9

	
15

	
15

	
16

	
18




	
Changjiang

	
2

	
2

	
15

	
18

	
2

	
7

	
6

	
7

	
11

	
10

	
12

	
11




	

	
SDG9

	
SDG10

	
SDG11

	
SDG13

	
SDG15

	

	




	
Area/Year

	
2015

	
2020

	
2015

	
2020

	
2015

	
2020

	
2015

	
2020

	
2015

	
2020

	

	




	
Haikou

	
9

	
5

	
13

	
14

	
1

	
1

	
2

	
1

	
17

	
17

	

	




	
Sanya

	
1

	
1

	
12

	
12

	
2

	
2

	
10

	
10

	
6

	
8

	

	




	
Wuzhishan

	
11

	
8

	
14

	
15

	
16

	
13

	
17

	
17

	
2

	
2

	

	




	
Wenchang

	
15

	
3

	
7

	
8

	
8

	
8

	
1

	
3

	
18

	
18

	

	




	
Qionghai

	
16

	
17

	
2

	
2

	
11

	
12

	
5

	
4

	
7

	
6

	

	




	
Wanning

	
8

	
7

	
5

	
3

	
10

	
10

	
9

	
9

	
9

	
10

	

	




	
Ding’an

	
14

	
13

	
9

	
9

	
12

	
14

	
6

	
6

	
10

	
9

	

	




	
Tunchang

	
12

	
18

	
4

	
4

	
15

	
15

	
7

	
7

	
5

	
5

	

	




	
Chengmai

	
3

	
2

	
6

	
6

	
7

	
9

	
4

	
5

	
8

	
7

	

	




	
Lingao

	
13

	
15

	
8

	
7

	
5

	
3

	
3

	
2

	
15

	
14

	

	




	
Danzhou

	
18

	
9

	
3

	
5

	
4

	
5

	
8

	
8

	
12

	
11

	

	




	
Dongfang

	
4

	
11

	
10

	
11

	
3

	
4

	
11

	
11

	
16

	
16

	

	




	
Ledong

	
17

	
14

	
1

	
1

	
13

	
11

	
16

	
15

	
11

	
12

	

	




	
Qiongzhong

	
2

	
6

	
17

	
16

	
18

	
18

	
12

	
13

	
1

	
1

	

	




	
Baoting

	
10

	
12

	
18

	
18

	
14

	
17

	
15

	
16

	
3

	
4

	

	




	
Lingshui

	
7

	
16

	
11

	
10

	
6

	
7

	
13

	
12

	
14

	
15

	

	




	
Baisha

	
6

	
10

	
16

	
13

	
17

	
16

	
14

	
14

	
4

	
3

	

	




	
Changjiang

	
5

	
4

	
15

	
17

	
9

	
6

	
18

	
18

	
13

	
13

	

	









The ranking of some SDGs changed significantly between 2015 and 2020, for example, Baoting Li and Miao Autonomous County’s ranking in SDG3 (Good health and well-being) decreased due to the increase of the number of traffic deaths per 100,000 people in 2020 compared to 2015, while Lingao County’s ranking in SDG6 (Clean water and sanitation) increased due to the growth of the number of public lavatories per 10,000 people. The rankings of cities and counties in SDG10 (Reduced inequalities), SDG11 (Sustainable cities and communities), SDG13 (Climate action) and SDG15 (Life on land) did not change significantly between 2015 and 2020.



Figure 7 shows the weights of the SDGs. It can be seen that the weight of SDG8 (Decent work and economic growth) has the largest proportion of 46.03%; the weight of SDG11 (Sustainable cities and communities) has the second largest ratio of 15.89%; and SDG7 (modern energy access and efficiency) has the smallest (0.06%). Although only one indicator—“Rate of science and technology expenditures to local government expenditures”—corresponds to SDG9 (Industry, innovation and infrastructure), the entropy weight method yields a larger weight due to the large variation among regions in this indicator. The proportion of SDG9′s weight is 13.45%, ranking third among all SDGs.



As shown in Figure 7, the scores of each region in SDG8, SDG11 and SDG9 have a major impact on the final urbanization sustainability assessment results. Therefore, it is necessary to analyze the SDG8, SDG11 and SDG9 scores of some regions with lower assessment scores. Combining the previous results of this paper, the comprehensive assessment of urbanization sustainability in Ding’an County had been at a low value for a long time compared with the surrounding areas (Figure 6), while Wuzhishan City, a county-level city located in the middle of Hainan Island, had been at a low value in the comprehensive assessment of urbanization sustainability (Figure 5) and had formed a statistically significant low–low cluster with the surrounding areas (Figure 6). Thus, Ding’an County and Wuzhishan City were selected for further analysis and discussion of their completion in SDG8, SDG11 and SDG9, as shown in Figure 8 and Figure 9.



Figure 8 shows the specific scores of Ding’an County in SDG8, SDG11 and SDG9. In SDG8, the per capita GDP of Ding’an County maintained a stable growth trend from 2011 to 2020, and the ratio of secondary and tertiary industries to total GDP as well as the total retail sales of consumer goods as a percentage of GDP fluctuated during the study period but generally showed an upward trend. The newly increased fixed assets had changed significantly, accounting for 43.37% of the total SDG8 score in 2015; it continued to fluctuate afterwards and dropped to the lowest in 2020. The assessment score of the total number of overnight tourists increased steadily from 2011 to 2018 and then began to decline. In SDG11, the SDG11 assessment score of Ding’an County in 2011 was 0.040, which was the closest to the average of the study area, but the SDG11 score of Ding’an County continued to fluctuate in subsequent years, with a gap to the average. Most of the indicators did not change much during the study period and were a stable driving force for Ding’an County to promote SDG11. However, there were overall fluctuations in the sustainability assessment scores of per capita public green areas and per capita area of paved roads, of which the per capita public green areas were the main reason for the SDG11 fluctuation in Ding’an County. The SDG9 scores of Ding’an County showed an overall decreasing trend and a large gap with the average of the study area.
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Figure 8. The assessment scores of Ding’an County in SDG8, SDG11 and SDG9. 
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As can be seen from Figure 9, in SDG8, the sustainability score of newly increased fixed assets in Wuzhishan City fluctuated greatly between 2011 and 2020 and dropped to the lowest value in 2018, while the sustainability score of the total number of overnight tourists rose to the highest value in that year, thus making the SDG8 score of Wuzhishan City in 2018 show no major fluctuations. The sustainability scores of other indicators in SDG8 showed an overall upward trend, with relatively stable changes in scores during the study period. In SDG11, Wuzhishan’s SDG11 score fluctuated within a certain range from 2011 to 2019, while the score in 2020 increased significantly, mainly due to the increase in the sustainability score of per capita area of paved roads in that year. In addition, the change in the score of per capita public green areas was one of the reasons for the fluctuation of SDG11 score in Wuzhishan City. In terms of SDG9, the trend in Wuzhishan City’s sustainability score was generally consistent with the change in the average within the study area.
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Figure 9. The assessment scores of Wuzhishan City in SDG8, SDG11 and SDG9. 
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5. Discussion


Most of the existing studies have developed indicators for the study area based on SDG11 [23,27,52], while this study considers that the sustainable development of urbanization is closely related to other SDGs and therefore integrates 23 indicators corresponding to 11 SDGs to construct a comprehensive assessment index system for the sustainable development of Hainan Island urbanization. In contrast with previous studies, Zhang et al. [27] collected relevant indicators based on SDG11 to build an urban sustainable development assessment framework for Hainan Province from 2010–2018, and the results showed that Haikou City and Sanya City were about to achieve the SDGs, while other cities and counties fell behind, and the development level of Hainan Province was high in the north and south and low in the middle and west. This finding is consistent with the results obtained in this paper, which found that Haikou City and Sanya City were the top cities in Hainan Island in terms of the comprehensive assessment of sustainable development of urbanization from 2011 to 2020, pulling away from the rest of Hainan Island. Haikou City and Sanya City need to strengthen their promotion to the surrounding areas to enable the cities and counties of Hainan Island to achieve synergistic development. Meanwhile, the development of SDG4 (Quality education) and SDG15 (Life on land) must be given priority in the urbanization sustainability process of Haikou City. Haikou City has achieved outstanding achievements in economic urbanization, thus creating a certain attraction for the population in less developed areas. The resident population of Haikou City in 2020 was 2,886,600, accounting for 28.5% of the total resident population in Hainan Province [28], while the assessment scores of the number of students enrolled per 10,000 population from elementary to high school in Haikou City were not high, which showed that the educational resources in Haikou City had not kept up with the resident population growth trend. Land use changes have a significant impact on the spatial and temporal patterns of ecosystem service functions in cities [53], so Haikou should also pay attention to the rational arrangement of land use to promote ecological construction.



Xu et al. [54] selected 11 indicators corresponding to SDG11 and evaluated the sustainable level of 26 cities in the Yangtze River Delta (YRD) urban agglomeration from 2007 to 2016, and the results showed that the sustainable development of YRD urban agglomeration had made significant progress. However, the sustainable development level of most cities was affected by factors such as the per capita green area, air quality and commercial housing sales area. Similar conclusions were reached in this paper, namely that the assessment scores of urbanization sustainability of cities and counties in Hainan Island continued to increase during the study period, and in the analysis of Ding’an County and Wuzhishan City, the sustainable development scores of the per capita public green areas fluctuated, which had a greater impact on the SDG11 assessment scores.



Earth observation can well support the tracking of SDGs’ progress with timely and spatially disaggregated information [55]. In this study, the available statistics data cannot correspond to all the indicators. Thus, Earth observation data were used to fill the vacancies, which shows their important role in assessing the sustainable development of Hainan Island urbanization. However, the number of indicators corresponding to some SDGs, especially those related to ecological environment, was limited, and the statistical data had problems such as missing data for some years and regions. In future work, it is necessary to supplement data concerning the ecological environment and to give consideration to using more Earth observation data to build a comprehensive assessment system for urbanization sustainability.



The study area in this paper includes county-level areas, and it is difficult to obtain statistics data at this scale. The available statistics can also vary among different provinces and regions. Therefore, if the methods in this paper would be implemented in other study areas, the challenges of data acquisition need to be taken into account. The assessment system and the method of constructing multiple indicators in this paper may provide a reference for similar studies in the future.




6. Conclusions


This study integrated remote sensing product data and statistical data; selected 23 indicators corresponding to 11 SDGs considering the actual situation of Hainan Island; and used the entropy weight method to construct the comprehensive assessment index system for the sustainable development of urbanization in Hainan Island so as to assess the spatial and temporal situation of the sustainable development of urbanization in Hainan Island from 2011 to 2020, as well as the progress of SDGs in each city and county. The following conclusions are drawn: (1) From 2011 to 2020, the assessment scores of cities and counties in Hainan Island continued to improve, with Haikou City and Sanya City performing prominently, and Chengmai County showing a better growth in recent years. The sustainable development scores of urbanization showed a spatial pattern with high scores in the north and south and low scores in the central and western regions. In particular, Wuzhishan City and Baisha Li Autonomous County had low sustainable development scores of urbanization, and the local spatial autocorrelation results for these two areas were classified as low–low clusters for most years in the study period. (2) Overall, Haikou City needs to focus on SDG4 (Quality education) and SDG15 (Life on land), while SDG11 (Sustainable cities and communities) in the central region of Hainan Island and SDG3 (Good health and well-being) in the western region ranked low and are areas that need more efforts to advance the sustainable development process. (3) The scores of SDG8, SDG11 and SDG9 have a great impact on the comprehensive score of sustainable development of urbanization. For these three SDGs, the corresponding indicators of Ding’an County and Wuzhishan City were analyzed, and it is found that the fluctuations of the newly increased fixed assets, the per capita public green areas and the rate of science and technology expenditures to local government expenditures are the main factors affecting sustainable development.
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Figure 1. Study area and percentage of urban population among resident population in 2020. Abbreviations: HK: Haikou City, SY: Sanya City, DZ: Danzhou City, WZS: Wuzhishan City, QH: Qionghai City, WC: Wenchang City, WN: Wanning City, DF: Dongfang City, DA: Ding’an County, TC: Tunchang County, CM: Chengmai County, LG: Lingao County, BS: Baisha Li Autonomous County, CJ: Changjiang Li Autonomous County, LD: Ledong Li Autonomous County, LS: Lingshui Li Autonomous County, BT: Baoting Li and Miao Autonomous County, QZ: Qiongzhong Li and Miao Autonomous County. 






Figure 1. Study area and percentage of urban population among resident population in 2020. Abbreviations: HK: Haikou City, SY: Sanya City, DZ: Danzhou City, WZS: Wuzhishan City, QH: Qionghai City, WC: Wenchang City, WN: Wanning City, DF: Dongfang City, DA: Ding’an County, TC: Tunchang County, CM: Chengmai County, LG: Lingao County, BS: Baisha Li Autonomous County, CJ: Changjiang Li Autonomous County, LD: Ledong Li Autonomous County, LS: Lingshui Li Autonomous County, BT: Baoting Li and Miao Autonomous County, QZ: Qiongzhong Li and Miao Autonomous County.



[image: Sustainability 15 00979 g001]







[image: Sustainability 15 00979 g002 550] 





Figure 2. The assessment boxplot of sustainable development of Hainan Island urbanization. 
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Figure 3. Score chart for cities and counties of Hainan Island in 2011, 2015 and 2020. 
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Figure 6. Hotspot areas of sustainable development of Hainan Island urbanization. 
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Figure 7. The percentage of Sustainable Development Goals’ weights. 
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Table 3. Comprehensive Assessment Index System for Sustainable Development of Hainan Island Urbanization.
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System Layer

	
Sub-System Layer

	
SDGs

Indicators

	
Index Layer

	
Weight






	
Assessment of

Sustainable

Urbanization

Development

	
Economic urbanization

	
SDG1

	
Average wages of staff and workers

	
0.0119




	
SDG8

	
Per capita GDP

	
0.0206




	
SDG8

	
The ratio of secondary and tertiary industries to total GDP *

	
0.0078




	
SDG8

	
Total retail sales of consumer goods as a percentage of GDP *

	
0.0182




	
SDG8

	
Newly increased fixed assets

	
0.1865




	
SDG8

	
Total number of overnight tourists

	
0.2273




	
Social urbanization

	
SDG3

	
Number of hospital beds per 10,000 people *

	
0.0284




	
SDG3

	
Number of traffic deaths per 100,000 people *

	
0.0221




	
SDG4

	
Per capita expenditure of local government on education *

	
0.0131




	
SDG4

	
Number of students enrolled from elementary to high school per 10,000 population *

	
0.0012




	
SDG9

	
Rate of science and technology expenditures to local government expenditures *

	
0.1345




	
SDG10

	
Urban–rural income gap *

	
0.0013




	
SDG11

	
Rate of urban population to resident population *

	
0.0084




	
SDG11

	
Impervious area as a percentage of total land area

	
0.1065




	
Urban infrastructure construction

	
SDG6

	
Coverage rate of urban population with access to tap water

	
0.0004




	
SDG6

	
Number of public lavatories per 10,000 people *

	
0.0735




	
SDG7

	
Coverage rate of urban population with access to gas

	
0.0006




	
SDG11

	
Per capita public green areas

	
0.0193




	
SDG11

	
Per capita area of paved roads

	
0.0174




	
Resources and environment

	
SDG11

	
Green covered area of built districts

	
0.0036




	
SDG11

	
PM2.5 concentration

	
0.0037




	
SDG13

	
Intensity of heat island in summer

	
0.0856




	
SDG15

	
Forest area as a percentage of total land area

	
0.0083








Notes: * means the indicator was obtained from the raw statistical data after calculation and processing.
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